Aims. The present work is the first in a series of articles that develop a new proxy to represent the evolution of magnetic activity in past solar cycles by combining the information from historical Ca II K line spectroheliograms and sunspot magnetic field measurements. Methods. We use synoptic (Carrington) maps from 1915-1985 that were derived from daily Ca K line observations at Mount Wilson Observatory to identify the chromospheric plages and to create synoptic pseudo-magnetograms. We use historical observations of sunspot magnetic fields from 1917 to the present to assign polarity to pixels situated within plages. The original Ca K spectroheliograms are nonuniform in their brightness, and we develop a novel approach to re-normalize their intensities. Results. We show that a homogeneous long-term series of pseudo-magnetograms can be successfully constructed by combining sunspot field measurements and plages with renormalized intensities. In our tests, about 80% of pixels situated within plages showed the same magnetic polarity as the synoptic magnetograms taken with the Kitt Peak Vacuum Telescope. Finally, we discuss possible approaches to further improve the agreement between observed and pseudo-magnetograms.
Introduction
Magnetic fields form the foundation for all active-Sun phenomena from tiny G-band bright points to sunspots and coronal mass ejections (CMEs). They serve as a reservoir of energy for flares, play a critical role in triggering mechanisms for CMEs, and provide the means of transporting energy from the photosphere to the corona. The origin of magnetic fields lies in the solar (stellar) dynamo, which still remains an enigma of solar and stellar astrophysics.
Numerous studies have been conducted in the attempt to develop a robust prediction of future solar cycles (e.g., Petrovay 2010; Tlatov & Pevtsov 2010; Pesnell 2014; Pishkalo 2014 , and references therein). While these predictions are still unreliable, related studies have identified parameters that seem to be important for predicting the strength of the solar cycle (Petrovay 2010; Hathaway 2010; Upton & Hathaway 2014) . One of these parameters is the strength of the polar magnetic field.
Direct measurements of the solar magnetic field started in 1917 with measurements of the sunspot field strength at Mount Wilson Observatory (MWO; Hale et al. 1919 ). The first magnetographic observations date back to the late 1950s, with routine synoptic observations of full-disk magnetograms starting in the early 1970s. The full-disk magnetograms also provide the most complete information about polar fields, although some limited information can be inferred from the surface distribution of certain photospheric and chromospheric structures (e.g., polar crown filaments may outline the location of the lower boundary of a polar unipolar field, Babcock & Babcock 1955; Hyder 1965) . One of the proxies of magnetic fields -the brightness of the chromospheric Ca II K 393.37 nm spectral line -is available in the form of full-disk images (spectroheliograms) of the Sun. The earliest synoptic Ca II K line spectroheliograms were measured in 1907 at Kodaikanal Observatory in India (Foukal et al. 2009 ).
The correlation between bright chromospheric plages observed in Ca II K spectral line and unsigned magnetic flux was noted from the very beginning of magnetographic observations (Babcock & Babcock 1955; Leighton 1959; Stepanov & Petrova 1959) . Figure 1 provides an example of a synoptic map in the Ca II K line and a magnetogram for Carrington rotation (CR) 1708. The bright areas in the Ca II K line map spatially correspond very well with the areas of identifiable magnetic fields in the magnetograms. This correspondence is clear for areas with a strong magnetic field (active regions) as well as for the weaker, more dispersed fields of decaying active regions. The relation between the magnetic flux density and the intensity of the Ca K line is nonlinear. For example, areas with the strongest magnetic field (sunspot umbrae) appear as dark voids in the middle of bright plages (see two examples indicated by arrows in Fig. 1 ). The correlation between the intensity in the Ca K line core and the magnetic flux density is made complex by several factors, including center-to-limb variation, different dependency for different structures, and nonlinearity (see, Harvey & White 1999 and references therein). On the other hand, proxies representing integrated properties of chromospheric plages seem to correlate quite well with the magnetic flux (Tlatov et al. 2009 ). The present work is the first in a series of articles that attempt to develop a new proxy to represent the evolution of magnetic activity in past solar cycles by combining the information from historical Ca II K line spectroheliograms and sunspot magnetic field measurements. In this article we first revisit the relationship between magnetic flux and the CaK line intensity (contrast) using the Ca K line and observations of the sunspot magnetic field at the MWO and magnetograms from the National Solar Observatory at Kitt Peak (NSO/KP; the data sets are described in Sect. 2). Then, we discuss the normalization of the Ca II K-line data (Sect. 3) and combine plage information derived from Ca K spectroheliograms with the polarity of magnetic fields from MWO sunspot field strength measurements to create pseudo-magnetograms (Sect. 4). In Sect. 5 we discuss our results.
Data
The data used in this paper include the synoptic maps of Ca II K-line normalized intensities and the magnetic flux density and polarity of strong magnetic fields in sunspots.
Ca K line synoptic maps
Synoptic maps of the normalized intensity of the Ca II K line have been derived from daily full-disk spectroheliograms taken at Mount Wilson Observatory from August 1915 to July 1985 (Hale 1908; Ellerman 1919) . The spectroheliograms were recorded on a photographic medium (first on plates and later on film) with a spectral bandpass of about 0.035 nm in width (this width takes into consideration the diffraction at the exit slit; the uncorrected exit slit used in observations is 0.02 nm). The optical format (four images per plate) and photographic plate material remained mostly the same until October 8, 1962. On that date the diameter of the solar image size increased from 2 inches to 3.4 inches, and two images were recorded on the same plate. The glass thickness also decreased as part of the change. Photographic plates were replaced by the much cheaper films in February 1980.
The visual appearance of the MWO data is not uniform. Images from the mid-1950s to the mid-1960s show the chromospheric filaments much more clearly than data of other periods. Tlatov et al. (2009) and Bertello et al. (2010) also noted the increase in contrast of images during the same period of time. No detailed description of the daily observations exist, but it was speculated that this change in contrast might be related to the use of a narrower exit slit when taking the spectroheliograms. Cursory examination of observation logbooks 1 indicates that in early observations (1915) (1916) (1917) (1918) (1919) (1920) , the spectrograph entrance slit (the so-called first slit) was set to 0.1-0.15 mm (which corresponds to approximately 3.5-5.3 arseconds for a 2-inch image of the Sun). The width of the spectroheliograph exit slit (the so-called A-slit, or second slit), which selects the wavelength band to be recorded on a photographic plate, was 0.15 mm. The instrument description by Ellerman (1919) cites 0.1/0.15 mm (first/A-slit) for K-line observations. Logbooks in 1927 and 1928 list various slit widths (0.1 mm/0.1 mm, 0.15/0.15, 0.12/0.12 and 0.14/0.12). Since late 1928, the majority of observations are taken with 0.1/0.1 mm slit widths. Records of observations taken in 1931 still show occasional observations with 0.1/0.12 mm slit widths. In February 1932, the logbook format was changed, and the slit width was not recorded for each observation. A general note for the 1932 logbook states that the slit widths used for K-line observations are 0.1/0.1 mm. The 1950 logbook gives the slit widths as 0.0035/0.0055 inch, which corresponds to 0.09/0.14 mm -slightly wider than the slit width in 1930. The 1959 logbook contains a note that for 2-inch images of the Sun the slits were set to 0.07/0.07 mm. Since the diameter of solar images on spectroheliograms was about 2 inches at that time, this note seems to support the notion that the data were taken with narrower exit slits (0.07 mm vs. 0.1−0.15 mm in early periods). Unfortunately, the spectrograph exit slit in later periods is less well recorded. The 1961 and 1964 logbooks contain notes that might be interpreted as if a much greater exit-slit width was used in later periods (e.g., the 1964 logbook records "offset for K2, set 2nd slit on D1 (5896), increase micrometer reading 3.19 mm"). Finding more details about the slit widths used in different periods of time would require a more detailed (and time-consuming) examination of the logbooks, but this information is not essential for the purpose of this work.
Thus, the nonuniformities in Ca II K line images can be attributed to changes in the observation setup (e.g., larger image sizes after October 8, 1962, changes in the thickness of the photographic plates, the switch from glass plates to film, and finally, changes in entrance and exit spectroheliograph slits). Before October 9, 1961, the Ca II K image did not have a calibration wedge imprinted on plate, which prevents a proper intensity calibration of these data. Bertello et al. (2010) developed an alternative flatfielding routine for observations without a calibration wedge. In this study, we use data that were flatfielded and intensity-normalized as given by Bertello et al. 2010 . The intensities in these maps are normalized to the mean chromospheric intensity (which is set to unity); normalized intensities above one correspond to areas that are brighter than the mean chromosphere.
Magnetic field measurements
The earliest measurements of the field strength in sunspots date back to 1915, with systematic observations starting in 1917 at Mount Wilson Observatory. The magnetic field strength was measured by the observer who would visually find the displacement between two Zeeman components of a spectral line (for a detailed description of this technique, see Pevtsov et al. 2011) . Initially, the observations were taken in the spectral line Fe I 617.3 nm (Landé factor = 2.5). Beginning in October 1961, the spectral line was changed to Fe I 525.0 nm (Landé factor = 3.0). To accommodate a larger displacement, the glass tipplate in the measuring micrometer was replaced with a thicker one. This change increased the nonlinearity between the angle of tip-plate and the lateral displacement, and it also imposed an upper limit on the amplitude of the magnetic fields that could be measured. Other changes included the replacement of spectral gratings with slightly different characteristics and undocumented changes in the spectrograph entrance slit. The sunspot field strengths are written in by hand on the daily drawings 2 . The total number of drawings is about 26 000. As part of the digitization project, we tabulated several parameters from the drawings, including the field strength and polarity for all measured sunspots (Tlatov et al. 2015) . The changes in observations described above may affect the measurements of field strengths. Since not all of these effects are clearly understood as yet, in the present article we only employ the polarity of magnetic field, not the field strength.
To establish the scaling between the intensity in Ca II K line and the magnetic flux density, we employed synoptic magnetograms from the Kitt Peak Vacuum Telescope (KPVT, see Livingston et al. 1976) , which is operated by the National Solar Observatory. This data set covers 1973-1985 and is available via NSO/SOLIS web site 3 . Figure 1 provides an example of the two synoptic maps (Ca II K line and a magnetogram).
Improving the Ca K line data
As noted above, the mean intensity in the synoptic maps of the Ca II K line is evidently nonuniform. This nonuniformity is clearly visible in the distribution of intensities in Ca K synoptic maps. Figure 2 shows a 2D intensity histogram in the range of 0.9−1.5. In this data set the intensity of image background is set to unity (Bertello et al. 2010 ). The distribution of intensities for the entire data set is shown in Fig. 2 (upper right panel). For the following discussion we loosely define the "core" of the distribution as inner part of the peak intensity; in the color The core of distributions shows sharp quasi-annual variations, which manifest themselves as periodic peaks in the distributions (Fig. 2, upper left panel during 1965 (Fig. 2, upper left panel during -1980 . The average intensity of the synoptic maps varies around 1.015, with a slight upward trend from about 1.010 in CR827 (July-Aug. 1915) to 1.020 in CR1300 (Nov.-Dec. 1950 ). During cycle 19, the mean intensity rises sharply to 1.06-1.07, and between CR1400 (May 1958) and CR1450 (Jan.−Feb. 1962) , it falls to about 1.005-1.010. The standard deviation of the mean intensities shows a similar pattern with σ ≈ 0.3-0.4 in CR827-1300, a sharp rise to σ ≈ 0.9-1.5, followed by a decrease between CR1400 and 1450 to σ ≈ 0.15-0.2. These long-term trends in the average intensity and their standard deviation further support the nonuniformity in the original Ca K line synoptic data from MWO.
According to several researchers (e.g., Harvey & White 1999) , the intensity distributions of Ca K line images can be interpreted as a combination of quiet-Sun and active-Sun components. The contribution of active-Sun component takes the form of an increase in the number of brighter features, which enhances the wing of the distribution. It is currently not expected that the quiet-Sun component of the Ca K line distribution would vary in time. We now consider a possible origin of this quiet-Sun component in the Ca K line images.
Origin of small-scale structures in Ca K images
Normalized Ca II K line synoptic maps show a granular pattern of small-scale features (brightenings) distributed more or less uniformly in areas outside plages. The fluctuations in contrast between bright and dark features in the pattern is about ±2−4% relative to the mean level of brightness; the most typical values are ±1%. The pattern is present both at high latitudes and in the active region belt. The pattern is also present at different phases of the solar cycle. To further investigate the origin of this pattern, for each solar rotation in our data set we subjected individual rows of the synoptic maps (for a given latitude, all values corresponding to longitudes from 0-360 degrees) to a periodogram analysis. MWO synoptic maps have a spatial sampling of 0.5 degree, and large-scale intensity variations were removed by subtracting a five-point running average. The strongest peak (spatial periodicity) was determined using a Lomb-normalized periodogram analysis. The distribution of spatial frequencies (sizes) determined in this way is shown in Fig. 3 . We also subjected the NSO/KP magnetograms to this analysis. Both Ca K synoptic maps (Fig. 3, blue) and unsigned magnetograms (red) show maxima close to the typical size of a chromospheric network (2.4 solar degrees, or 30 000 km). Magnetograms have a more asymmetric distribution (more large features in the tail of the distribution). We would would like to note that while the synoptic maps may not be the optimal data for studying the geometric properties of the chromospheric network, the data are sufficient to detect typical sizes corresponding to a supergranulation scale.
Based on this analysis, and since CaK emission is sensitive to the magnetic field, it is reasonable to assume that the small-scale structure in the CaK synoptic maps represents the chromospheric network. With this established, the core of the quiet-Sun distribution of the Ca K line intensity in Fig. 2 is expected to have very little variation from one Carrington rotation to the other.
Renormalization of Ca K line synoptic maps
Assuming the quiet-Sun contribution to be constant offers a way to recalibrate the intensities in the original Ca K line synoptic maps. We took an approach that scales the cores of quietSun distributions from different Carrington rotations to a standard distribution. We investigated different types of distributions that fit best the observed intensity distribution for the original Carrington maps. The best fits were most of the time found with T location-scale and generalized extreme value functional distributions, but some rotations are best matched using a normal or lognormal distribution. We compared different fits based on the Bayesian information criterion (BIC), which basically describes the goodness of the fit and also takes into account the number of free parameters in the fitting. We found that the best distribution function describing the whole Carrington map is not the normal distribution. However, the normal distribution fitted to the core of the quiet-Sun distribution gives lower BICs (better fit) than any fit to distributions of the whole data. We divided the data into quiet-Sun and plage components rotationally by using a threshold of median plus 2σ (standard deviation). Moreover, the general pattern is that the best agreements (lowest BICs) are reached during solar minimum times, when the tail of high values in the distribution is the smallest.
Since a normal (Gaussian) distribution represented the core of the intensity distributions for all Carrington rotations sufficiently well, we decided to employ the mean I(ϕ, λ) and standard deviation σ to renormalize the intensities in each Carrington rotation to some common standard mean and standard deviation as
where I o cr and I n cr are the original and renormalized intensities for each Carrington rotation, and ϕ, λ are latitude and longitude of the pixels in the Carrington maps. All rotations were normalized to the mean, I cr1708 , and standard deviation, σ cr1708 , of Carrington rotation CR1708 (Apr.−May 1981). Figure 4 shows the results of this renormalization. The cores of the quiet-Sun distributions are now normalized to a standard. Sharp annual variations in the cores of the quite-Sun distributions are still present, but they are significantly reduced in amplitude. The solar cycle variations in the wings of distributions are preserved, but their amplitude is also scaled accordingly. The renormalized data also show some effects that were masked in the original data set. For example, the amplitude of the quiet-Sun component in individual distributions (for individual Carrington maps) exhibits a slight solar cycle variation with the number of pixels, with an intensity close to the quiet-Sun level being 10-15% higher at solar minima than at solar maxima. This is also clearly shown in the right panel of Fig. 4 (the peak in the blue line is slightly higher than the peak in the black line), although the small size of the image makes this difference hard to see. The most obvious difference to the original distribution (Fig. 2) is the enhanced number of pixels with high brightness in the wing of the distribution around solar maxima. The visual comparison of the distributions (Fig. 4, upper right panel) with the distributions reported in Harvey & White (1999) suggests that the distribution corresponding to the minimum of the solar cycle between cycles 21 and 22 (blue line) includes structures that were identified as quiet and weak network by Harvey & White (1999) . The distribution for the maximum of cycle 21 (black line) is reminiscent of plage and active region components as defined by these authors. 
Pseudo-magnetograms

Magnetic flux vs. Ca K -line intensity
As the first step in creating pseudo-magnetograms, we considered a correlation between intensity in Ca K line and magnetic flux density. Several previous studies established a power-law relation between the residual intensity in K line and unsigned (line-of-sight) magnetic flux (see Harvey & White 1999; and Ortiz & Rast 2005 , and references therein). These studies, however, used moderate-resolution data, typically, 1 by 1 arcsecond pixel size, which corresponds to a resolution lower than 0.1
• around equatorial central meridian. Our focus here is on synoptic maps, which have a much larger pixel size, 1 by 1 solar degrees. Figure 5a shows a scatter plot for all pixels in synoptic maps that have both Ca K and magnetogram observations (more than 62 000 points). The data show only a slight noisy trend, but no good correlation between the two parameters. Only after we computed the mean over sequential 100-point segments, a tight dependence between the magnetic flux and residual Ca K-line intensity appears (Fig. 5b) . As found in previous studies, the dependence is nonlinear and shows a reversal for areas with the strongest magnetic fields (sunspots).
The data shown in Fig. 5 seem at odds with the previous studies that reported a very strong correlation between the magnetic flux and the residual intensity in the Ca K line. This inconsistency might be explaidn by the fact that we used synoptic maps, which average together multiple pixels from higher resolution full-disk data. Synoptic maps may be constructed from observations made on different days, which reduces correlation even further. Alternatively, it is possible that a tighter correlation is the result of significant averaging. For example, Harvey & White (1999) indicated that for the magnetic flux vs. Ca K residual intensity dependencies they averaged data for different categories of structures over several days to reduce the scatter.
The important question is whether the correlation between magnetic flux and Ca K line intensity is strong or weak. Fortunately, data from the Vector Stokes Magnetograph (VSM) on the Synoptic Optical Long-term Investigation of the Sun (SOLIS) facility (Balasubramaniam & Pevtsov 2011 ) allow addressing this question. VSM takes full-disk observations of the full line profile in Ca II 854.2 nm. The data can be used to derive cotemporal and cospatial information about the intensity of the chromospheric plages and the magnetic field. The images do not need to be coaligned or corrected for time difference because both parameters are derived from the same spectral line profile. Since the wings of the spectral line are formed in the photosphere and the line core is formed in the chromosphere, the photospheric and the chromospheric magnetograms can both be derived from the same observations. While the response to the magnetic field by intensity in Ca II 854.2 nm spectral line is different from Ca K 393.3 nm, which was used in the historical data sets discussed earlier, this line can serve as a reasonable proxy for Ca K behavior in plages. Figure 6 shows an example of a small portion of a full-disk image observed by SOLIS/VSM on 20 April 2015. Images and magnetograms in the line core (corresponding to the chromosphere) and wing of the spectral line (corresponding to the photosphere) are shown for comparison. The contours outline the sunspots (white), plage and enhanced network (blue), and the brightest parts of the plage (red). The location of plages and intensity enhancements in the Ca II 854.2 nm spectral line correspond very well spatially. Such a one-toone spatial correspondence was observed before by several researchers (e.g., Cauzzi et al. 2008) . A pixel-by-pixel comparison of the magnetic flux density and the normilized intensity (Fig. 7) indicates that while there is a well-defined trend for the plage magnetic field to show a higher intensity for a stronger magnetic flux density, the relation is very noisy. Similar results were found for other observations with SOLIS/VSM. The significant scatter in the magnetic flux density vs. spectral line core intensity (as observed in the Ca II 854.2 nm spectral line) supports the notion that using intensity as a proxy for the field strength is unreliable. Points corresponding to plage areas . The contours in all panels show the location of sunspots (white, intensity level of 5000 counts), the plage and enhanced network (blue, 5500 counts), and the brightest kernels in the plage (red, 5670 counts). The intensity images were normalized by a limb-darkening function derived directly from the observations. Each panel is about 580 by 537 arcseconds in size, centered on active region NOAA 12324. The background image in panel a is scaled between 2500 and 5800 counts (in comparision, the mean intensity at solar disk center is about 5409 counts). The background image in panel b is scaled between 1800 and 5180 counts (in comparision, the mean intensity at solar disk at line core is about 2670 counts). The magnetograms (background images in panels c) and d) are scaled between ±1000 G, with white corresponding to positivepolarity fields and black to negative-polarity fields. Fig. 7 . Scatter plot of the chromospheric magnetic flux density (Fig. 6d ) and line-core intensity (Fig. 6b) for sunspot (black) and plage (blue). The brightest plage kernels are shown by red symbols.
may also form two separate branches, one above the other. The upper branch can be identified by the higher concentration of points corresponding to plage kernels (Fig. 7 , red on top of blue). Our tests indicated that the upper branch may be related to true plage areas, while the lower branch may represent enhanced network. Qualitatively, this agrees with Harvey & White (1999) , who found that the flux-intensity relation has a different steepness for different classes of solar features. Finally, we would like to note that although a core intensity in the Ca II 854.2 nm spectral line can serve as a proxy-magnetometer, this line has specific known issues. For example, the response to the magnetic field in this line is susceptible to lower spatial resolution (Leenaarts et al. 2006) , which indeed is the case of our VSM/SOLIS observations. Still, we used this line to show the significant scatter in the relation of core intensity vs. magnetic flux density. This level of scatter is present even in the simulations that are unaffected by telescope resolution (see Fig. 4 in Leenaarts et al. 2006) . We therefore propose an alternative scaling of the plage intensity to the magnetic flux using the good correlation between the total magnetic flux in an isolated flux element (plage, enhanced network element) and its integrated brightness. Figure 8 shows such a relation using two examples from VSM/SOLIS observations. For this plot, we identified plages based on an intensity threshold and then integrated intensities and unsigned fluxes within each closed contour above the intensity threshold. This strong correlation can be understood by recalling that the average flux and brightness within plages are independent of the size of a plage, and then the total flux and brightness would be proportional to the total area. For these two cases, the average plage brightness and unsigned flux are approximately constant. This intensity-flux scaling has the additional advantage of preserving the total flux within the area of each plage, even though the flux density is assumed constant within the plage. We find a similar (strong) correlation between the integrated intensity of plages and their total magnetic flux for Ca K synoptic maps and NSO/KP magnetograms.
Identifying plages and creating pseudo-magnetograms
As the next step, for each synoptic chart we created a mask that identifies plages. The term "chromospheric plage" describes an extended feature that appears brighter than the average chromosphere. Plages are associated with magnetic fields of active regions and appear from the early stages of magnetic flux emergence through its decay. In early stages, plages are wellorganized into topologically distinct features, but as they evolve, some parts become barely distinguishable from enhanced chromospheric network. While the plage areas are visually clearly identifiable on full-disk images, their exact boundaries are less clear. An apt analogy for this is a forest boundary where the number of trees and bushes steadily deceases with the distance from the main body of trees. The exact boundary where the forest starts or ends is unclear, and it can only be defined subjectively (e.g., based on density of trees per unit area). This lack of a clear definition of the boundary of chromospheric plages led some researchers to introduce various subclasses in the attempt to better capture some less obvious differences in the properties of plages. For our current study, we first defined a plage candidate as a linked area of pixels whose brightness is above a fixed intensity threshold. After trial-and-error tests, we adopted a level of two sigma (standard deviation) above the mean intensity of the synoptic map. The threshold is set relatively low, at a typical level of the weak chromospheric network, based on intensity distributions such as shown in Fig. 4 (upper right panel) . Next, we analyzed all contours outlining this intensity threshold level in Ca K synoptic maps and excluded obvious artifacts (e.g., chains of pixels with a width of a single pixel, areas located above 75 degrees of latitudes). We also did not count closed contours situated inside other close contours as a separate plage. These areas correspond to dark voids inside bright plages, and excluding them allows us to include the voids as part of larger plage areas (identified by the external contour). Most artifacts are excluded algorithmically, but some may require human intervention. Voids were identified via contours outlining areas situated in bright plages, whose intensity is below the intensity of the surrounding plage.
We identified the polarity of pixels marked as plages based on the polarity of sunspots from the MWO sunspot data set. If the coordinates of a sunspot measurement fall within a plage area, all plage pixels were assigned that polarity. If there are multiple sunspots within the same plage, the pixel polarity within the plage was assigned based on the proximity to each sunspot measurement. This approach allows creating bipolar (or multipolar) structures within a single plage (see Fig, 9 , number 2). The weakness of this method is that if the sunspot field strength measurements are incomplete (e.g., only one sunspot in a group was measured), the plage will be incorrectly marked as unipolar (see Fig. 9 , number 3) or will not be included in the pseudomagnetogram (see Fig. 9 , number 1). Finally, the amplitude of the magnetic field in the pseudo-magnetogram will be determined using the scaling dependencies between the plage area and the total flux. This scaling preserves the total flux, but the flux density inside the plage is uniform. Figure 9 shows a comparison of observed and pseudo-magnetograms for CR1708. In general, observed and pseudo-magnetograms agree well; in 80% of all pixels that are identified as plages, the polarity of the pseudo-magnetogram agrees well with the observed magnetogram. A pixel-by-pixel comparision between the synoptic pseudo-magnetograms and those from the KPVT computed for 132 Carrington rotations shows a reasonably good correlation, albeit with a significant scatter (Pearson correlation coefficients about r P = 0.47−0.50). This scatter is understandable because of the nonlinear relation between the unsigned magnetic flux and the intensity in the Ca K line (see Fig. 5 ). On the other hand, the plage-integrated magnetic flux (over each Carrington map) shows a very tight correlation between pseudo-and observed magnetic data (r P = 0.98).
Discussion and conclusions
We have successfully demonstrated that it is possible to create a homogeneous, long-term series of pseudo-magnetograms using a combination of Ca II K line observations and sunspot polarity measurements. To establish the scaling between the magnetic flux and the intensity in Ca K line spectroheliograms, the spectroheliograms need to be normalized. The original spectroheliograms are nonuniform in their intensity. For example, the chromospheric filaments are clearly seen in synoptic maps taken during some periods, but they are absent from the maps from other periods; the spectroheliograms show higher contrast during cycle 19 than in other periods. Based on existing records from the observer logbooks and previous studies, some key parameters (e.g., spectrograph slit width, optical vignetting, presence of calibration wedge) varied for individual observations. This makes it difficult to properly calibrate the intensities in the entire data set. To mitigate this problem, we developed a different approach. First, we demonstrated that each synoptic map has an intensity pattern, which is related to the chromospheric network (which in turn is related to solar supegranulation). Assuming that the mean properties of this small-scale pattern do not change from one solar rotation to the other, we renormalized the intensities in individual Carrington rotations to fit the Gaussian distribution. For this renormalization, we selected Carrington rotation CR1708 as a standard. This intensity renormalization significantly improved the quality and long-term uniformity of the synoptic maps. For example, the core (shown with blue and yellow in Figs. 2 and 4) becomes much more narrow in the normalized data (compare the width and variations of the core in 1955-1964 in Fig. 2 vs. Fig. 4 ). The distributions corresponding to different solar maxima (or minima) are more alike to each other (compare the variations and extent of the distribution wings (shown in dark red in Figs. 2 and 4) . The quasiannual variations, which are so distinctive in the original data (see the saw-tooth pattern at the boundary between blue and dark red in Fig. 2 from [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] are significantly reduced in the normalized data set. This renormalization also affects the overall appearance of large-scale patterns related to the long-term evolution of solar activity. For example, bright features drifting toward the poles (the so-called rush-to-the-poles) during solar cycle 19 are clearly identifiable in the renormalized data. The original, non-normalized data did not show this feature very clearly. While the intensity normalization improved the quality of the data, it did not completely remove some artifacts, such as quasi-annual variations. We speculate that these quasi-annual variations might be caused by changes in the vignetting pattern at the telescope, and it might be difficult to remove. Nevertheless, we plan to investigate alternative approaches to further improve the Ca K line synoptic data. The intensity renormalization of Ca K line synoptic maps is based on the assumption that the chromospheric pattern does not change significantly with the solar cycle. Variations in size of the supergranulation were reported by several studies (for review, see Rieutord & Rincon 2010) with somewhat contradictory results. Most studies (e.g., Singh & Bappu 1981) found an anticorrelation with the cycle. Some other studies found the opposite correlation (e.g. Wang 1988; Münzer et al. 1989; Meunier et al. 2008) . Tlatov (2012) found a cycle variation in size of the supergranulation with a small phase shift with respect to the sunspot cycle. The phase shift was about 1.5 years, with minima/maxima in the size of the supergranulation occurring after sunspot minima/maxima. We analyzed the annual mean spatial scales detected through a periodogram analysis and found very slight variations over the solar cycle of less then 5%; this is comparable with the scatter of the data points. Thus, we conclude that any possible solar cycle variation in the properties of the chromospheric network are insignificant for the purpose of renormalizing Ca K line synoptic maps.
We showed with the renormalized data that the spatial correspondence between the location of bright areas (plages) and the magnetic field areas in the magnetograms is very good. However, the pixel-by-pixel correlation between the intensity and the magnetic flux is noisy, and thus, a simple scaling of intensities does not provide a good proxy for the amplitude of the magnetic field. This degree of uncertainty is demonstrated in Fig. 5a , where a bright pixel at 1.1 Ca K intensity can correspond to pixels with a magnetic field density from just a few to a thousand Gauss. Data that were a subject to significant averaging demonstrate the nonlinearity of the response of the Ca K line brightness to the magnetic flux: for weak magnetic fluxes (lower than 20−30 Gauss) the flux-intensity correlation is absent, and for the strongest fluxes (higher than a few hundred Gauss) the intensity decreases even when the magnetic flux increases. In this example, the first group of pixels corresponds to magnetic network elements, while the latter represents sunspots. Some of this nonlinearity might be thought to be related to the fact that the magnetogram and Ca K line observations are not simultaneous and are obtained with instruments with different spatial resolution. It appears, however, that this lack of linear correlation is rooted in the physics of the plage: even for cospatial and cotemporal observations, the scatter between magnetic flux and the intensity remains high (Fig. 6) . On the other hand, we showed that a good correlation does exist between the total (integrated) intensity and the total unsigned flux within the area of an isolated plage. This suggests that the flux density and the intensity per unit area of plages does not vary significantly between structures of a different size (small and large plages have the same surface brightness and about the same flux density per unit area). This is not unexpected; the modern full Stokes polarimetry observations capable of estimating the contribution from magnetized and non-magnetized plasma in each magnetogram pixel (the so-called magnetic filling factor) indicate that the filling factor in solar plages is about 0.15 (15% of the pixel area corresponds to magnetized plasma), and it does not vary significantly from one plage to another. The strong correlation between plage-integrated intensity and unsigned magnetic flux (Fig. 8 ) allows us to determine the magnetic flux based on the integral intensity of each plage, although with this approach all pixels within individual plages would be assigned the same magnetic flux density.
Finally, we have shown that a pseudo-magnetogram can be successfully constructed with a combination of sunspot magnetic field polarity measurements and the plages identified from Ca K data. In our tests, about 80% of the pixels situated within plages showed the same magnetic polarity as the synoptic magnetograms taken at the Kitt Peak Vacuum Telescope. In some cases, there is no polarity information for plages either due to lack of sunspot magnetic field measurements or because of there were no sunspots within a plage. To address this problem, we plan on implementing other known properties of solar activity. For example, the Hale-Nicholson polarity rule indicates that in most cases, the leading polarity of bipolar regions in a given cycle is determined by their hemispheric location. Different studies have found that only between 1.4% and 9.1% of all active regions do not follow this rule (for a review, see Pevtsov et al. 2014) , and thus, the polarity in the leading and following parts of the plage might be determined with a high degree of success by implementing this approach.
In conclusion: we employed the Carrington maps of CaII K line data taken at Mount Wilson Observatory from 1915-1985 to identify the chromospheric plages and to create synoptic pseudo-magnetograms. We used historical observations of the polarity of sunspot magnetic fields from 1917 to the present to assign polarity to pixels situated within plages. Using the intensity as a proxy for the unsigned flux density requires renormalizing original Ca K line observations, for which we developed a new approach based on the properties of the Gaussian core of the intensity distributions of these data. We successfully demonstrated that a homogeneous long-term series of pseudomagnetograms can be constructed with this approach. We will apply pseudo-magnetograms to study the solar phenomena in future papers.
